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Abstract

Naive T-cell activation requires signals from both the T-cell receptor (TCR) and the costimulatory
molecule CD28. A central mediator of the TCR and CD28 signals is the scaffold protein
CARMAL, which functions by forming a complex with partner proteins, Bcl10 and MALT1. A
well-known function of the CARMAL1 signaling complex is to mediate activation of 1xB kinase
(IKK) and its target transcription factor NF-xB, thereby promoting T-cell activation and survival.
Recent evidence suggests that CARMAL also mediates TCR/CD28-stimulated activation of the
IKK-related kinase TBK1, which plays a role in regulating the homeostasis and migration of T
cells. Moreover, the CARMAL complex connects the TCR/CD28 signals to the activation of
mTORC1, a metabolic kinase regulating various aspects of T-cell functions. This review will
discuss the mechanism underlying the activation of the CARMA1-dependent signaling pathways
and their roles in regulating T-cell functions.
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1. Introduction

T lymphocytes serve as the central player in adaptive immune responses against infections
and cancer and, when deregulated, are also responsible for many autoimmune and
inflammatory diseases (Ohashi, 2002; Zhu et al., 2010). Activation of a naive T cell is
initiated upon engagement of the T-cell receptor (TCR) by a specific peptide antigen
presented on antigen-presenting cells (APCs). However, full activation of naive T cells also
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requires signals elicited from costimulatory receptors, most importantly CD28 that is bound
by its ligand, B7, on APCs. It is now clear that the activation and differentiation of T cells
also require environmental cues (Maciver et al., 2013; van der Windt and Pearce, 2012;
Waickman and Powell, 2012). How the different T-cell activation signals are integrated
intracellularly leading to the induction of gene expression and other cellular changes is an
active area of research.

A well-defined signaling event stimulated by the TCR and CD28 signals is activation of
nuclear factor kB (NF-xB), a family of transcription factors that mediates induction of a
large number of target genes by binding to an enhancer element called kB (Hayden and
Ghosh, 2012). Mammalian NF-xB includes five members, p50, p52, RelA, RelB, and c-Rel,
which function as various homo- and heterodimers. In resting T cells, NF-xB members exist
as latent cytoplasmic complexes associated with specific inhibitory proteins, 1xBs.
Activation of NF-xB involves two major pathways, the canonical and noncanonical
pathways, which differ extensively in both the mechanism of regulation and the signaling
components. Canonical pathway relies on a trimeric IxB kinase (IKK) complex, composed
of IKKa, IKKB, and a regulatory subunit termed IKKy or NF-xB essential modulator
(NEMO). Upon activation, IKK phosphorylates a prototypical 1xB member, 1xBa,
triggering its ubiquitin-dependent degradation and concomitant nuclear translocation of the
liberated NF-xB members, predominantly p50/RelA and p50/c-Rel heterodimers(Hayden
and Ghosh, 2012). Noncanonical pathway is based on inducible processing of an NF-xB
precursor protein, p100, to generate the mature NF-xB member p52 (Sun, 2012). Due to the
presence of an IxB-like structure in its C-terminal portion, p100 inhibits the nuclear
translocation of its associated NF-kB members, particularly RelB. The processing of p100
involves proteasomal degradation of its IxB-like portion, leading to generation of p52 and
nuclear translocation of p52 and RelB. A central signaling component of the noncanonical
NF-xB pathway is NF-kB-inducing kinase (NI1K), which functions together with IKKa to
induce p100 phosphorylation and ubiquitin-dependent processing (Senftleben et al., 2001;
Xiao et al., 2001). A role for canonical NF-xB pathway in mediating T-cell activation and
differentiation has been well established (Oh and Ghosh, 2013). In contrast, much less is
known regarding the activation and function of noncanonical NF-xB pathway in T cells,
although important progress has been made through recent studies.

The activation and subsequent differentiation of T cells are also influenced by
environmental signals, such as those induced by growth factors, amino acids, and stress
inducers (Maciver et al., 2013; Smith-Garvin et al., 2009; van der Windt and Pearce, 2012).
The serine/threonine kinase mTOR plays vital role in integrating the environmental signals
(Chi, 2012; Waickman and Powell, 2012). mTOR exists in two different complexes, mTOR
complex 1 (mTORC1) and mTORC2, which differ in mechanism of activation and function
(Sarbassov et al., 2005). mTORC1 promotes cell growth and proliferation by
phosphorylating two major regulators of protein synthesis, S6 kinase 1 (S6K1) and 4
elongation facor-binding protein 1 (4E-BP1) (Fingar et al., 2002; Holz and Blenis, 2005;
Sarbassov et al., 2005). In T cells, both mMTORC1 and mTORC2 regulate important aspects
of T-cell functions, including differentiation and lineage commitment as well as memory
responses (Chi, 2012; Waickman and Powell, 2012). Interestingly, mTORCL1 is activated not
only by the environmental cues but also immune signals, including those elicited from TCR
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and CD28. Recent studies provide novel insight into the mechanism by which TCR/CD28
signals activate mTORCL, suggesting shared upstream regulators of the mTORC1 and NF-
kB pathways (Hamilton et al., 2014; Nakaya et al., 2014). In addition, emerging evidence
suggests that the TCR/CD28 signals also activate IKK-related kinases, TBK1 and IKKz,
which appear to crosstalk with the mTORC1 pathway in T cells (Gulen et al., 2012; Yu et
al., 2015).

2. TCR signaling to NF-xB

2.1. Canonical NF-xB activation: central role of the CBM complex

A hallmark of IKK/NF-xB activation by the TCR and CD28 signals is the requirement of a
scaffold protein termed caspase recruitment domain (CARD)-containing MAGUK 1
(CARMAL1, also named CARD11) (Blonska and Lin, 2009; Thome et al., 2010). Initial
studies using cell line models reveal an essential role for CARMAL in mediating NF-xB
activation and 1L-2 gene induction by the TCR and CD28 signals (Gaide et al., 2002;
Pomerantz et al., 2002; Wang et al., 2002). CARMAL contains several domains, including
CARD, coiled-coil, SH3, GUK, and PDZ domains (Thome et al., 2010). All of these
domains, with the exception of the PDZ domain, appear to be required for the function of
CARMAL in mediating NF-xB activation (Pomerantz et al., 2002). CARMAL1 is
constitutively associated with plasma membrane and recruited into the lipid rafts following
TCR stimulation (Blonska and Lin, 2009). In response to TCR/CD28 signals, CARMA1
forms a complex (called CBM complex) with a CARD-containing adaptor, Bcl10, and the
paracaspase MALT1, thereby recruiting these partner proteins to the lipid rafts. In addition
to activating IKK, the CBM complex also mediates activation of the MAP kinase JNK,
particularly JINK2 (Blonska et al., 2007; Gaide et al., 2002; Hara et al., 2003). The essential
role of the CBM complex in NF-xB activation has also been demonstrated using animal
models. Mice deficient in any of the three CBM components have a defect in TCR/CD28-
stimulated IKK/NF-xB activation, coupled with immunodeficiencies (Blonska and Lin,
2009; Thome et al., 2010).

Phosphorylation serves as a primary mechanism that mediates CARMAL activation
(Blonska and Lin, 2009; Thome et al., 2010). A key phosphorylation event that triggers the
signaling function of CARMAL1 is mediated by protein kinase C theta (PKCH), a kinase that
integrates the TCR and CD28 signals. Upon activation by the TCR and CD28 signals, PKC6
phosphorylates CARMAL at serines 552 and 645 in a linker region located between the
colied coil and PDZ domains of CARMAZ1 (Matsumoto et al., 2005; Sommer et al., 2005),
which triggers the conformation change of CARMAU1 enabling its association with Bcl10
and MALT1. CARMAL is also phosphorylated by other kinases, such as IKKp, CaMKI|,
HPKZ1, and AKT, which appears to play a modulatory role to fine tune the activation of
IKK/NF-xB (Brenner et al., 2009; Cheng et al., 2014; Ishiguro et al., 2006; Shinohara et al.,
2005). Based on the studies in B cells, IKKp-mediated CARMAL phoshporylation at serine
578 has been implicated as a positive feedback mechanism that enhances the formation of
the CBM complex (Shinohara et al., 2005). This idea is further emphasized by a recent study
using experimental and mathematical modeling approaches, which suggests a model
whereby the IKKpB-mediated CARMA1 phosphorylation functions as a switch mechanism
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for NF-xB activation (Shinohara et al., 2014). Whether this mechanism also functions in T
cells remains to be investigated. A more recent study demonstrates that overexpressed AKT
phosphorylates CARMAL at several serine residues, S551, S637, and S645, which may play
a positive tuning role in enhancing the activation of IKK/NF-xB (Cheng et al., 2014). This
finding is in line with the previous report that AKT regulates TCR/CD28-stimulated NF-xB
activation and NF-kB target gene expression (Cheng et al., 2011). However, it remains to be
examined whether the AKT mediates the site-specific phosphorylation of CARMAL in T
cells upon TCR/CD28 stimulation.

How the formation of CBM complex leads to IKK activation is still incompletely
understood. Nevertheless, K63 ubiquitination is a crucial event, since genetic deficiency in a
K63-specific ubiquitin-conjugating enzyme, Ubc13, abolishes TCR/CD28-stimulated
activation of IKK and JNK (Yamamoto et al., 2006). Conversely, loss of the K63-specific
deubiquitinase CYLD causes spontaneous activation of IKK and JNK as well as their
upstream kinase Tak1 (Reiley et al., 2007). It is generally believed that the CBM complex
interacts with and activates a K63-specific E3 ubiquitin ligase that functions together with
Ubc13 to conjugate K63-linked polyubiquitin chains to Bcl10, the IKK-regulatory subunit
NEMO, and Tak1, which in turn facilitates the recruitment of Tak1, IKK, and JNK to the
CBM complex for activation (Liu and Chen, 2011; Sun and Ley, 2008). The E3 ubiquitin
ligase mediating this signaling step has not been definitively defined. TRAF®6 is a strong
candidate, although TRAF6 is not essential for NF-xB activation by the TCR signal (King et
al., 2006). It is likely that TRAF6 has functional redundancy with other TRAF members,
such as TRAF2 and TRAF5 (Liu and Chen, 2011). Another possible E3 is MIB2, which has
been shown to mediate NF-xB activation by Bcl10 in transfection and knockdown
experiments (Stempin et al., 2011). However, the role of MIB2 in regulating TCR/CD28-
stimulated NF-«xB activation and T-cell function has not been investigated in primary T
cells.

Signal transduction leading from CBM complex to IKK activation also involves the
translocation of the Bcl10-MALT1 signalosome from the plasma membrane to the
cytoplasm, where they form aggregates called POLKADOTS (Paul et al., 2012; Rossman et
al., 2006; Schaefer et al., 2004). Formation of the POLKADOTS depends on K63
ubiquitination of Bcl10 and the ubiquitin-binding protein p62 (Paul et al., 2012). The
ubiquitinated Bcl10 binds to preexisting p62 aggregates, leading to the formation of
POLKADOTS. The POLKADOTS seem to be dispensable for IKK/NF-xB activation in
naive T cells, but they do play a role in IKK/NF-xB activation in effector T cells (Paul et al.,
2014). The POLKADOQOTS appear to provide a compartment, in which activated IKK
interacts with and phosphorylates its substrate IxBa. In addition, NF-xB members,
particularly RelA, are also transiently recruited to the POLKADOTS upon TCR
crosslinking. Genetic ablation of p62 reduces the formation of POLKADOTS and activation
of IKK in effector T cells (Paul et al., 2014). These findings are consistent with the earlier
observations that p62 is important for IKK/NF-xB activation in Th2 effector T cells but not
in naive T cells (Martin et al., 2006). It is thought that the differential roles of p62 in
regulating NF-xB signaling in naive versus effector T cells are due to the low levels of p62
expression in naive T cells (Paul et al., 2014; Yang et al., 2010). The specific requirement of
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POLKADOTS signalosome for NF-xB signaling in effector T cells is intriguing, although
the precise mechanism of its action requires additional studies.

Another mechanism of CBM function is the activation of protease activity of MALTL.
MALT1 was initially identified as a caspase-like protein designated paracaspase (Uren et al.,
2000). It cleaves protein substrates after an arginine residue, and the protease activity of
MALT1 appears to be activated by its dimerization (Coornaert et al., 2008; Hachmann et al.,
2012; Rebeaud et al., 2008). MALT1 has been shown to cleave a number of substrates
related to NF-xB regulation, such as the deubiquitinases CYLD and A20, the NF-xB
member RelB, and the CBM complex component Bcl10 (Kirchhofer and Vucic, 2012).
MALT?1 also targets the RNase Regnase-1 and two homologous RNA-binding proteins,
Roquin-1 and Roquin-2, which regulate autoimmune and inflammatory processes by
controlling the stability of mMRNAs for proinflammatory cytokines and T-cell costimulatory
molecules (Gewies et al., 2014; Jeltsch et al., 2014; Uehata et al., 2013). Although several of
the MALT1 substrates are negative regulators of NF-kB, the precise role of the protease
activity of MALT1 in NF-xB regulation is obscure (Thome et al., 2010). Incubation of cells
with a cell-permeable peptide inhibitor of MALT1 does not inhibit activation of IKK or
JNK, although it impairs the activation of NF-xB transcriptional activity (Duwel et al.,
2009; Rebeaud et al., 2008). A more recent work suggests that MALT1 undergoes auto-
proteolysis after arginine 149, which removes the N-terminal death domain (Baens et al.,
2014). The cleaved MALT1, lacking the N-terminal 149 amino acids, potently stimulates the
transcriptional activity of NF-xB in transfected cells, and mutation of arginine-149 creates a
MALT1 mutant that is defective in supporting mitogen-stimulated expression of IL-2 and an
NF-xB reporter gene (Baens et al., 2014). Consistent with the MALT1 inhibitor studies,
R149A mutation of MALT1 has no effect on 1xBa phosphorylation or NF-xB nuclear
translocation, suggesting an IKK-independent function of MALT1 auto-cleavage.

It is important to note that MALT1 also regulates other signaling functions in T cells in
addition to mediating NF-xB activation. For example, MALT1 promotes the expression of
transcription factor IRF4 via mediating cleavage of Roquin and Regnase-1, which in turn
may contribute to the induction of Th17 differentiation by MALT1 (Jeltsch et al., 2014).
Since IRF4 also regulates the metabolic reprogramming of CD8* T cells (Man et al., 2013;
Yao et al., 2013), it raises the question of whether MALT1 also plays a role in modulating
the expansion and effector function of CD8* T cells. The physiological function of MALT1
protease activity has been further studied using knock-in mice expressing a protease-
deficient MALT1 mutant (Bornancin et al., 2015; Gewies et al., 2014). Interestingly, these
mutant mice develop autoimmune inflammation, characterized by lymphocyte infiltration
into multiple organs, body weight loss, and perturbed T-cell homeostasis and cytokine
production. These pathological phenotypes may be due to impaired Treg development,
although precisely how MALT1 paracaspase activity regulates Treg development is not well
understood. T cells expressing the protease-deficient MALT1 mutant have normal activation
of IKK and NF-xB as well as MAP kinases (Bornancin et al., 2015; Gewies et al., 2014).
However, these mutant T cells have reduced expression of c-Rel and IL-2, both known to
mediate Treg cell development. The altered expression of c-Rel and IL-2, and possibly other
targets of Roquins and Regnase-1, may contribute to the pathological phenotypes of the
MALT1 mutant mice (Bornancin et al., 2015; Gewies et al., 2014).
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2.2. Noncanonical NF-xB activation

The noncanonical NF-kB pathway mediates posttranslational production of NF-xB2 p52
and activation of NF-xB members sequestered by the NF-xB2 precursor protein p100 (Sun,
2012). A central signaling factor mediating noncanonical NF-kB activation is NF-xB
inducing kinase (NIK), which stimulates site-specific p100 phosphorylation and ubiquitin-
dependent p100 processing (Fong and Sun, 2002; Liang et al., 2006; Xiao et al., 2001). NIK
functions by activating a downstream kinase, IKKa, which directly mediates the p100
phosphorylation (Senftleben et al., 2001). The signaling pathway mediating noncanonical
NF-kB activation differs profoundly from that mediating the canonical NF-xB activation. In
contrast to the rapid and transient nature of canonical NF-xB signaling, the activation of
noncanonical NF-xB pathway is slow, persistent, and dependent on de novo protein
systhesis (Sun, 2012). These characteristics are consistent with the mechanism of NIK
activation. The steady level of NIK is extremely low due to its constant degradation by a
ubiquitin-dependent mechanism involving its physical association with TRAF3. TRAF3
mediates NIK degradation by recruiting the E3 ubiquitin ligase clAP (clAP1 or clAP2) to
NIK, an action that also requires the adaptor TRAF2 that links TRAF3 to clAP. Signal-
stimulated p100 processing involves disruption of the clAP-TRAF2-TRAF3 E3 ligase
complex, mostly via degradation of TRAF3, and accumulation of the stabilized NIK (Sun,
2012) (Liao et al., 2004; Sun, 2012).

Noncanonical NF-kB has been extensively studied in B cells and mouse embryonic
fibroblast (MEF) models, in which the p100 processing is induced by a subset of TNF
receptor (TNFR) superfamily members, such as BAFF receptor and CD40 on B cells and
lymphotoxin beta receptor on MEFs (Sun, 2012). These receptors act by inducing TRAF3
degradation and NIK stabilization. The role of NIK and noncanonical NF-xB in T cells is
appreciated only recently. T-cell activation via crosslinking the TCR and CD28
costimulatory molecule induces p100 processing and nuclear translocation of p52 and RelB
(Murray et al., 2011; Yu et al., 2014). Although how TCR/CD28 signals induce
noncanonical NF-xB activation is incompletely understood, it is clear that this signaling
event depends on NIK and C-terminal phosphorylation of p100. NIK deficiency has no
effect on the induction of p100 expression, but it completely blocks the induction of p100
processing (Yu et al., 2014). The phosphorylation-dependent p100 processing is also
suggested by a study using a mutant mouse model, Lym1 (Tucker et al., 2007), which
expresses a p100 mutant lacking the C-terminal phosphorylation region (Yu et al., 2014). In
response to the TCR/CD28 signals, the p100 Lym1 mutant is accumulated in the cells
without being processed to p52. However, it is unclear whether the TCR/CD28 signals
directly induce noncanonical NF-xB signaling or act indirectly through induction of TNFR
expression. T-cell activation is associated with induction of several TNFR members, such as
CD27, OX40 and 4-1BB, as well as their ligands (Croft, 2009; Watts, 2005). Since these
TNFRs are capable of inducing p100 processing (Arima et al., 2010; McPherson et al.,
2012; Ramakrishnan et al., 2004), it is possible that the TNFRs may contribute to the
induction of p100 processing in activated T cells. This possibility is further suggested by the
finding that OX40 crosslinking promotes TCR/CD28-stimulated noncanonical NF-xB
activation in T cells (Murray et al., 2011; Xiao et al., 2012). However, careful analysis using
NIK-deficient and control naive T cells reveals that induction of p52 by the T-cell activation
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signals can be detected as early as 4 h (Yu et al., 2014). This finding suggests that the TCR/
CD28 signals may directly trigger noncanonical NF-kxB signaling, which is subsequently
enhanced through the signaling action of the TNFR family members.

The T-cell activation signals also induce the expression of p100, which is dependent on IKK
(Legarda-Addison and Ting, 2007) and its upstream regulator CARMAL (unpublished data).
The steady level of p100 is considerably low in both naive CD4* T cells and Jurkat T-cell
line but is greatly elevated along with ligation of TCR and CD28 (Legarda-Addison and
Ting, 2007; Yu et al., 2014). The TCR/CD28-stimulated p100 expression is coupled with its
processing to generate p52. Thus, noncanonical NF-xB activation in T cells requires
induction of both NIK-dependent p100 phosphorylation and IKK-dependent p100
expression, suggesting a dynamic cooperation between the canonical and noncanonical NF-
kB pathways.

2.3. Negative regulation of NF-xB signaling by deubiquitinases and E3 ligases

Consistent with the crucial role of NF-xB in mediating the activation, survival, and
inflammatory effector functions of T cells, the activation of NF-xB is subjected to tight
control in T cells. Many of the NF-xB negative regulators act through modulation of protein
ubiquitination. One example is the deubiquitinase (DUB) CYLD, which inhibits NF-xB
activation by cleaving K63-linked and linear ubiquitin chains from several signaling
components (Sun, 2010; Tokunaga, 2013). Gene targeting studies revealed a crucial role for
CYLD in regulating thymocyte development and peripheral T-cell activation (Reiley et al.,
2007; Reiley et al., 2006). In particular, CYLD is essential for controlling NF-xB activation
under homeostatic conditions (Reiley et al., 2007; Sun, 2010). CYLD-deficient T cells
display high levels of constitutive NF-xB activity due to activation of IKK and TAK1. The
CYLD-deficient T cells have accumulation of ubiquitinated TAKZ1, suggesting that CYLD
may function by cleaving ubiquitin chains from TAKZL, thereby preventing the activation of
TAK1 and its downstream target IKK (Reiley et al., 2007). Another DUB, A20, also plays
an important role in the regulation of NF-xB signaling in T cells (Coornaert et al., 2008;
Duwel et al., 2009; Giordano et al., 2014), although A20 has been most extensively studied
in innate immune cells and B cells (Catrysse et al., 2014; Harhaj and Dixit, 2012; Ma and
Malynn, 2012). The mechanisms of action for A20 and CYLD appear to be different (Harhaj
and Dixit, 2012; Sun, 2008), and they do not seem to share substantially overlapping
functions at least in the regulation of B-cell development and activation (Chu et al., 2012).
In contrast to CYLD, which acts as a DUB, A20 serves as a component of an ubiquitin-
editing complex (Harhaj and Dixit, 2012). Recent evidence suggests that the deubiquitinase
activity of A20 may be dispensable for regulating NF-«xB signaling (De et al., 2014).
Another deubiquitinase, USP34, has been shown to inhibit TCR/CD28-stimulated NF-xB
activation in the Jurkat T-cell line (Poalas et al., 2013). How USP34 regulates NF-xB
activation is unknown. USP34 knockdown in Jurkat cells promotes mitogen-stimulated
IxBa degradation without enhancing IKK activation, suggesting that this deubiquitinase
may modulate the proteolytic process involved in 1xBa degradation.

Although K63 and linear ubiquitination events are important for the activation of IKK, K48
ubiquitination is involved in controlling the level of nuclear NF-xB during the course of NF-

Mol Immunol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shi and Sun

Page 8

kB activation (Natoli and Chiocca, 2008; Sun et al., 2013). Several E3 ubiquitin ligases have
been identified as negative regulators of NF-xB that mediate ubiquitin-dependent
degradation of specific NF-xB members (Sun et al., 2013). For example, a multi-subunit E3
ligase, ECSSOCS1 and the E3 ligase PDLIM2 (also called SLIM) have been shown to target
nuclear RelA for ubiquitin-dependent degradation (Natoli and Chiocca, 2008). Another E3
ligase, Pelil, is a specific regulator of c-Rel in T cells (Chang et al., 2011). During T-cell
activation, c-Rel undergoes ubiquitin-dependent degradation, likely representing a major
mechanism that prevents aberrant accumulation of activated c-Rel in the nucleus. Pelil
deficiency attenuates the ubiquitination and degradation of c-Rel and causes a substantial
increase in the nuclear level of c-Rel. Consistent with the crucial role of c-Rel in mediating
T-cell activation, the Pelil deficiency renders T cells hyper-responsive to TCR/CD28
stimulation in vitro and perturbs T-cell homeostasis in vivo (Chang et al., 2011).

How the noncanonical NF-xB signaling is negatively regulated in T cells is unclear. Based
on the studies in B cells and mouse embryonic fibroblasts (MEFs), a major mechanism of
noncanonical NF-kB regulation is to control the fate of the upstream kinase NIK. Under
normal conditions, NIK is constantly targeted for ubiquitination and degradation by an E3
ubiquitin ligase complex composed of TRAF2, TRAF3, and clAP (clAP1 or clAP2) (Sun,
2012). Genetic deficiency in either TRAF2 or TRAF3 causes constitutive activation of
noncanonical NF-xB. Induction of noncanonical NF-xB signaling involves degradation of
TRAF3, a signaling event that is subject to negative control by the TRAF3-specific
deubiquitinase Otud7b (also called Cezanne) (Hu et al., 2013). In T cells, loss of TRAF2 or
TRAF3 also causes constitutive noncanonical NF-xB activation (Gardam et al., 2008).
However, the TCR/CD28 signals do not induce obvious degradation of TRAF3, although
they do induce accumulation of NIK (Yu et al., 2014). How the signal-induced noncanonical
NF-xB activation is negatively regulated in T cells requires further studies.

3. Regulation of T-cell functions by NF-xB

3.1. Regulation of T-cell activation and homeostasis

The canonical NF-kB pathway is well known for its role in the regulation of T-cell
activation, survival, and differentiation (Table 1). Optimal activation of NF-xB requires
costimulation of the TCR and CD28, and defect in TCR/CD28-stimulated NF-«xB signaling
is associated with the induction of T-cell anergy (Clavijo and Frauwirth, 2012; Schmitz and
Krappmann, 2006). Conversely, deregulated NF-xB activation in T cells, due to the
deficiency in negative regulators, can cause aberrant T-cell activation and autoimmune
symptoms (Chang et al., 2011; Coornaert et al., 2008; Peng et al., 2010; Reiley et al., 2007;
Sun, 2008). Proper control of NF-xB activation is also important for maintaining T-cell
homeostasis (Table 1). Under normal conditions, T cells receive tonic TCR signals via
partial recognition of self-ligands, which is important for maintaining T-cell homeostasis
(Surh and Sprent, 2008; Theofilopoulos et al., 2001). Aberrant activation of TCR signaling
events may reduce the threshold of T-cell activation, which causes activation and expansion
of autoimmune T cells and initiation of systemic autoimmunity. Quiescent naive T cells
have basal activity of NF-xB, which is greatly enhanced upon ablation of NF-xB negative
regulators, such as the deubiquitinases CYLD and A20 and the E3 ubiquitin ligase Pelil
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(Chang et al., 2011; Giordano et al., 2014; Reiley et al., 2007). Consequently, mice deficient
in these NF-xB negative regulators have perturbed T-cell homeostasis, associated with
autoimmune phenotypes (Chang et al., 2011; Giordano et al., 2014; Reiley et al., 2007). A
recent study demonstrates that the basal activity of NF-xB in quiescent T cells promotes
expression of the alpha subunit of IL-7 and mediates IL-7-dependent T-cell survival (Miller
et al., 2014). These findings suggest that NF-xB not only regulates the activation and
survival of antigen-activated T cells but also mediates the homeostatic survival of quiescent
T cells.

A role for NF-xB in regulating the differentiation of CD4* T cells has also been well
established (Oh and Ghosh, 2013) (Table 1). Transgenic expression of a degradation-
resistant form of IxBa, a potent inhibitor of RelA, or genetic ablation of c-Rel impairs the
CD4™* T-cell differentiation to T helper (Th) 1 lineage (Aronica et al., 1999; Hilliard et al.,
2002). RelA directly binds to an enhancer region of the IFNy locus and is required for the
induction of IFNy gene expression in T cells (Balasubramani et al., 2010). Another NF-xB
member, p50, has a role in regulating GATAS3 expression and Th2 cell differentiation (Das
et al., 2001). The p50-deficient mice have a defect in Th2 responses and refractory to the
induction of the Th2-dependent allergic airway inflammation (Das et al., 2001). NF-xB also
plays an important role in mediating Th17 cell differentiation and the pathogenesis of the
Th17-dependent autoimmunity, experimental autoimmune encephalomyelitis (EAE) (Sun et
al., 2013). The canonical NF-xB members, c-Rel and RelA, mediate the induction of Th17
cell differentiation and EAE pathogenesis (Chen et al., 2011; Ruan et al., 2011). RelA and c-
Rel directly participate in the transcription of the Th17 lineage-specific transcription factor
RORgt by binding to the promoter region of the RORrT gene. However, it is important to
note that the role of c-Rel in mediating EAE pathogenesis is complex, since c-Rel also
functions in differentiated Th17 cells to control the expression of the pathogenic cytokine
GM-CSF in cooperation with the noncanonical NF-xB member p52 (Yu et al., 2014).
Furthermore, as will be discussed in a following section, c-Rel also mediates the
development of Treg cells that negatively regulate the induction of EAE.

In contrast to the canonical NF-xB pathway, the noncanonical NF-xB pathway does not
seem to play an important role in regulating the initial activation of T cells (Jin et al., 2009;
Murray et al., 2011; Yu et al., 2014). Whether noncanonical NF-xB pathway has a role in
regulating CD4* T-cell differentiation is still elusive. Although NIK deficiency reduces the
level of Th17 differentiation, this function of NIK seems to be independent of noncanonical
NF-kB and may involve regulation of STAT3 activation (Jin et al., 2009). Similarly, IKKa
has been shown to regulate Th17 responses, but this is mediated through an NF-xB-
independent mechanism involving the association of IKKa to the 1117a locus and histone3
phosphorylation (Li et al., 2011). Nevertheless, it has been shown that induction of
noncanonical NF-kB by OX40 signal may contribute to Th9 cell differentiation (Xiao et al.,
2012). Furthermore, RelB has been shown to facilitate T-bet expression and Th1 cell
differentiation (Corn et al., 2005). It is important to note, though, that RelB activation is not
limited to the noncanoical NF-xB pathway and that RelB can function in both the
noncanonical and canonical NF-kB pathways by forming heterodimers with p52 and p50,
respectively. A useful animal model for studying noncanonical NF-xB function is the
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nfkb2YML mouse, which expresses a p100 mutant defective in phosphorylation-dependent
processing (Tucker et al., 2007). It has been shown that impaired p100 processing in
nfkb2YM1 mice does not obviously affect the naive T-cell activation in vitro or T-cell
priming in vivo (Yu et al., 2014). Furthermore, CD4* T cells derived from the nfkb2!ym?
mice are also competent in differentiation to Thl and Th17 cells under in vitro
differentiation conditions. However, the nfkb2!Y™! mice do show a defect in Th17 cell
production in vivo along with EAE induction (Yu et al., 2014). It remains to be examined
whether the in vivo role of noncanonical NF-xB in Th17 differentiation is due to indirect
function in non-T cells.

Emerging evidence suggests that noncanonical NF-xB regulates the effector function of
inflammatory T cells and the generation or maintenance of memory T cells (Rowe et al.,
2013; Yu et al., 2014). In particular, Th17 effector T cells from EAE-induced nfkb2!ym1
mice are defective in expression of GM-CSF, an effector cytokine that is critically involved
in the EAE pathogenesis (Yu et al., 2014). Interestingly, this function of noncanonical NF-
kB requires p52, but not RelB. It appears that p52 transactivates the GM-CSF gene in
cooperation with the canonical NF-xB member c-Rel, which involves p52-dependent
recruitment of c-Rel to the GM-CSF gene promoter (Yu et al., 2014). Consistent with these
findings, p100 processing, but not RelB expression, in T cells is required for EAE induction,
although RelB plays a role in non-T cells for EAE pahtogenesis (Yu et al., 2014). The role
of noncanonical NF-kB in regulating T-cell memory has been demonstrated using NIK
bone-marrow chimeric mice infected with lymphocytic choriomeningitis virus (LCMV)
(Rowe et al., 2013). Chimeric mice with NIK-deficient T cells display reduced ability to
generate LCMV-specific memory CD4* and CD8™" T cells following prolonged time of
LCMV infection.

NF-xB also plays a role in regulating the stability or plasticity of inflammatory effector T
cells, as suggested in a recent work that studies the function of an atypical IxB member,
Bcl3 (Tang et al., 2014). Unlike the typical 1xBs, which inhibit NF-xB nuclear translocation,
Bcl-3 functions as a transcriptional modulator by associating with p50 and p52 NF-xB
homodimers in the nucleus (Lenardo and Siebenlist, 1994). By T-cell adoptive transfer, a
recent study suggests that Bcl-3 has a T cell-intrinsic role in regulating the plasticity and
pathogenicity of autoimmune Th1 cells in both EAE and colitis models (Tang et al., 2014).
Although Bcl3 is dispensable for Thl cell differentiation, the Bcl3-deficient Thl cells
convert to less pathogenic Th17-like T cells under inflammatory conditions, characterized
by the reduction in GM-CSF expression (Tang et al., 2014). This finding, together with the
work described above, raises the question of whether Bcl-3 functions together with the
noncanonical NF-xB member p52 in mediating GM-CSF gene transcription.

3.2. NF-xB in T-cell tolerance

Although NF-xB is best known as a mediator of T-cell activation and inflammatory T-cell
function, emerging evidence suggests that NF-xB also plays a crucial role in regulating T-
cell tolerance (Ruan and Chen, 2012; Sun et al., 2013). This function of NF-xB may serve as
another layer of feedback regulation to prevent aberrant T-cell activation and autoimmune/
inflammatory responses. T-cell tolerance includes two major mechanisms: central tolerance
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and peripheral tolerance. The former involves deletion or functional inactivation of
autoimmune T cells during their development in the thymus, whereas the latter involves the
action of regulatory T (Treg) cells to control the self-reactive T cells that have escaped from
central tolerance induction (Hogquist et al., 2005; Josefowicz et al., 2012; Kyewski and
Klein, 2006). The noncanonical NF-xB pathway plays a crucial role in regulating central
tolerance (Zhu and Fu, 2010). Mice with deficiency in the noncanonical NF-xB members,
RelB and NF-xB2, or kinases that mediate noncanonical NF-xB activation (NIK and IKKa)
have compromised central tolerance and different levels of autoimmunity. Noncanonical
NF-xB regulates central tolerance by mediating the development of medullary epithelial
cells (mTEC), which are required for thymic negative selection to delete autoreactive T cells
(Zhu and Fu, 2010).

NF-kB also has an important role in regulating peripheral tolerance. Both canonical and
noncanonical NF-kB pathways regulate the development or survival of Treg cells, although
the underlying mechanisms differ between the two pathways (Table 1). The noncanonical
pathway functions mainly via an indirect mechanism through regulation of mTEC
development (Zhu and Fu, 2010). The canonical NF-xB, on the other hand, has a cell-
intrinsic function in mediating the development of Treg cells in the thymus. Partially
impaired Treg cell development has been shown in a number of mice with deficiencies in
canonical NF-xB signaling components, such as NF-kB members, IKK, Tak1, and the
upstream regulators PKCO, CARMAL, and Bcl10 (Barnes et al., 2009; Gupta et al., 2008;
Isomura et al., 2009; Long et al., 2009; Medoff et al., 2009; Molinero et al., 2009; Ruan et
al., 2009; Sato et al., 2006; Schmidt-Supprian et al., 2004). Conversely, loss of the NF-xB
negative regulator CYLD promotes the thymic production of Treg cells (Lee et al., 2010a).
It is generally believed that c-Rel is the major NF-xB member that mediates Treg cell
development. c-Rel promotes Foxp3 expression by facilitating the formation of a
enhanceosome, composed of ¢c-Rel, p65, NFAT, Smad, and CREB, on the Foxp3 gene
promoter (Ruan et al., 2009). It is important to note that the role of the upstream regulators,
particularly the CBM components, in Treg regulation may not solely be mediated through
activation of NF-xB. One study revealed that CARMAL1 has a role in regulating IL-2
receptor signaling (Lee et al., 2010a). As will be discussed in a later section, CARMAL is
also required for TCR/CD28-stimulated activation of mMTORC1 (Hamilton et al., 2014;
Nakaya et al., 2014), a transcription factor that couples TCR and IL-2 signals to the
immunosuppressive activity of Treg cells (Zeng et al., 2013). It remains to be examined
whether the role of CARMAL in regulating I1L-2 signaling in Treg cells involves activation
of mMTORCL1 and whether this signaling axis also regulates the immunosuppressive function
of Treg cells.

In addition to regulating Treg cell development, canonical NF-xB signaling pathway plays a
role in maintaining the stability and immunosuppressive function of established Treg cells
(Table 1). Mice with Treg-specific ablation of Ubc13, a ubiquitin-conjugating enzyme
mediating TCR-stimulated IKK/NF-xB activation (Yamamoto et al., 2006), develop
autoimmune symptoms due to aberrant activation of conventional T cells (Chang et al.,
2012). Although Ubc13 is dispensable for the survival and in vitro immunosuppressive
function of Treg cells, the loss of Ubc13 compromises the in vivo functions of Treg cells and
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renders the Treg cells vulnerable for acquiring Th1- and Th17-like inflammatory effector
functions under lymphopenic conditions. In addition to mediating activation of IKK, Ubc13
also targets the activation of the MAP kinases JNK and p38. Genetic evidence suggests that
Ubc13 functions in Treg cells by mediating IKK activation, since Treg-specific expression
of a constitutively active IKKp rescues the in vivo function of Ubc13-deficient Treg cells.
Furthermore, Treg cells lacking IKKf resemble the Ubc13-deficient Treg cells in their
compromised in vivo function and vulnerability for acquiring Th1- and Th17-like effector
functions (Chang et al., 2012). NF-xB pathway appears to mediate the expression of
SOCS1, which in turn plays a role in preventing expression of inflammatory cytokines in
Treg cells.

A recent study examined the role of the IKK-activating kinase Tak1 in Treg function (Chang
et al., 2015). Interestingly, unlike Ubc13, which is dispensable for Treg survival, Tak1l is
essential for maintaining the peripheral population of Treg cells. Tak1 ablation in committed
Treg cells causes their apoptosis. However, the mice with Treg-specific Tak1 deficiency
only develop moderate autoimmunity; this is apparently due to the expansion of Tak1-
competent Treg cells that have escaped the Cre-mediated Tak1 ablation (Chang et al., 2015).
Like Ubc13, Tak1 mediate activation of both IKK/NF-xB and the MAP kinases JNK and
p38. It is surprising that Tak1 and Ubc13 have different roles in regulating the survival for
Treg cells. One possible reason for this functional difference is that Ubc13 functions more
upstream than Tak1 and mainly mediates signaling through the TCR, whereas Tak1
integrates signals from various immune receptors, including both TCR and the gamma chain
family of cytokine receptors known to be crucial for T-cell survival (Wan et al., 2006). The
survival function of Tak1 in Treg cells may involve both NF-xB and MAP kinases, since
expression of a constitutively active IKK only partially rescues the survival of the Tak1-
deficient Treg cells. Future studies should determine the role of individual NF-xB members
in Treg regulation

The noncanonical NF-kxB pathway also has a role in Treg development (Sun et al., 2013;
Zhu and Fu, 2010). This function is to a large extent mediated through regulating the
development of medullary thymic epithelial cells (mTECs), which are required for
generation of natural Treg cells (Aschenbrenner et al., 2007; Zhu and Fu, 2010). Mice
deficient in major sighaling components of the noncanonical NF-xB pathway, such as NIK
and RelB, have impaired mTEC development and reduced number of Treg cells (Kajiura et
al., 2004; Zhu and Fu, 2010). The role of noncanonical NF-xB in in mTEC development is
further emphasized by the recent finding that TEC-specific ablation of a central inhibitor of
noncanonical NF-xB, TRAF3, bypasses the requirement of LTbR and CD40 for mTEC
development (Jenkinson et al., 2013). In addition to its role in regulating Treg development,
the noncanonical NF-xB pathway is involved in the survival and homeostasis of peripheral
Treg cells (Murray, 2013). A study, using mixed bone-marrow adoptive transfer approach,
suggests that NIK has a cell-intrinsic role in maintaining the peripheral Treg cells (Murray,
2013). On the other hand, the loss of NIK in T-cell compartment does not seem to impair the
development, proliferation, or suppressive function of Treg cells (Murray, 2013). Another
study suggests that IKKa not only regulates the homeostasis of Treg cells but also the
expansion and effector function of Treg cells (Chen et al., 2015). T cell-specific ablation of
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IKKa causes more than 60% reduction in the number of Tregs in both the thymus and the
peripheral lymphoid organs (Chen et al., 2015). Furthermore, the IKKa-deficient Tregs are
impaired in expansion and effector function when adoptively transferred into Ragl knockout
mice. The phenotypic differences between the NIK- and IKKa-deficient mice are likely due
to the involvement of IKKa in cellular functions that are independent of noncanonical NF-
kB, such as modulation of gene transcription via histone3 phosphorylation (Anest et al.,
2003; Huang and Hung, 2013; Yamamoto et al., 2003). As mentioned already, IKKa
regulates Th17 responses by an NF-kB-independent mechanism involving direct binding to
the 1117a locus and mediating histone3 phosphorylation (Li et al., 2011). Whether some of
the functions of IKKa in Treg cells also involve histone modification is unclear.

4. TCR signaling to mTORC1

The serine/threonine kinase mTOR regulates important functions of T cells, including CD4*
T-cell differentiation and the generation of effector versus memory CD8" T cells (Powell
and Delgoffe, 2010). By associating with different adaptor molecules, mTOR forms two
complexes, mMTORC1 and mTORC2, which differ in both functions and the mechanism of
activation (Zoncu et al., 2011). In T cells, m"TORC1 can be activated by the TCR/CD28
signals in addition to environmental cues, such as nutrients, growth factors, and stress
signals (Chi, 2012; Pollizzi and Powell, 2015). Crosslinking of TCR and CD28 triggers the
activation of phosphoinositide 3-kinase (PI13K), a kinase that catalyzes formation of
phosphatidylinositol 3,4,5 trisphosphate (PIP3) in the plasma membrane. PIP3 recruits AKT
and phosphoinositide depdendent kinase 1 (PDK1) to the plasma membrane, allowing PDK1
to phosphorylate AKT at threonine (T)308 and induce the catalytic activity of AKT. AKT in
turn phosphorylates and inactivates a negative regulator of mMTORC1, tuberous sclerosis
complex 2 (TSC2), thereby causing mTORC1 activation (Inoki et al., 2002; Manning et al.,
2002; Potter et al., 2002). A selective inhibitor of PI3K p1108, IC87114, inhibits TCR/
CD28-stimulated AKT phosphorylation and mTORC1 activation in naive CD4* T cells
(Kurebayashi et al., 2012). Another kinase that activates AKT is mMTORC2, which acts
through phosphorylating serine (S)473 of AKT (Lee et al., 2010b). Disruption of mMTORC2
by genetic ablation of its adaptor protein Rictor inhibits TCR/CD28-stimulated AKT
phosphorylation at S473. However, the S473 phosphorylation of AKT is also dependent on
PI3K, since pharmacological inhibition of PI3K or genetic ablation of the PI3K regulatory
subunit p85a blocks the phosphorylation of AKT at both T308 and S473 (Kurebayashi et
al., 2012), likely due to the impaired membrane recruitment of AKT (Andjelkovic et al.,
1997).

The mechanism underlying mTORC1 activation in T cells, particularly by the TCR and
CD28 signals, is only partially understood. A recent study demonstrates that inhibition of
PI3K or AKT does not block the constitutive activity of mTORC1 in CD8* effector T cells,
or cytotoxic T lymphocytes (CTLs), cultured in the presence of the cytokine IL-2 (Finlay et
al., 2012). This finding suggests that IL-2-stimulated mTORC1 activation in CTLs may
involve an AKT-independent mechanism. The PI3K/AKT inhibitors also do not block
glucose uptake in CD8* T cells stimulated for 18 h with an antigen (Macintyre et al., 2011).
It remains unclear whether PI3K and AKT are also dispensable for TCR-stimulated
mTORCI activation in CD8" T cells, especially during the early phase of stimulation that
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would not involve secondary contribution from cytokines. The TCR/CD28-stimulated
mTORC1 activation is further complicated by the recent finding that this signaling event is
dependent on the scaffold molecule CARMAL (Hamilton et al., 2014; Nakaya et al., 2014).
In both naive CD4* T cells and Jurkat T-cell line cells, CARMAL deficiency substantially
reduces the activation of mMTORC1 by the TCR/CD28 signals. As discussed section 2,
CARMAL functions along with Bcl10 and MALT1 to form an intermediate signaling
complex (CBM complex) that mediates TCR/CD28-stimulated activation of IKK/NF-xB
signaling. Like CARMAL, MALT1 is crucial for the activation of mMTORC1 by TCR/CD28
stimuli, and this function of MALT1 requires its paracaspase activity as revealed by using a
small peptide, z-VRPR-fmk, that inhibits the protease activity of MALT1. The role of Bcl10
in mTORC1 signaling is less clear. One study reveals that Bcl10 is dispensable for TCR/
CD28-stimulated MTORC1 activation in Jurkat cells and PMA/ionomycin-stimulated
mTORCL1 activation in primary T cells (Hamilton et al., 2014). However, another study
showed a partial, and reproducible, inhibition of MTORCL1 activation in Bcl10-deficient
naive CD4* T cells stimulated by TCR and CD28 stimuli (Nakaya et al., 2014). The
discrepancy could be due to the use of different cell conditions and stimuli. In contrast to the
CBM components, IKK is dispensable for the activation of mMTORC1 (Hamilton et al., 2014;
Nakaya et al., 2014). However, the role of IKK in mTORC1 activation may vary between
cell types and stimuli, since IKK has been implicated in TNFa-stimulated activation of
mTOR in cancer cell lines (Dan and Baldwin, 2008; Lee et al., 2007). In cancer cells,
mTORC1 also plays a role in mediating AKT-stimulated activation of NF-xB, suggesting a
mechanism of bidirectional regulation (Dan et al., 2008; Dhingra et al., 2013).

How the CARMAL complex links the TCR/CD28 signals to mTORC1 activation is still
unclear. Since CARMAL is dispensable for AKT activation (Nakaya et al., 2014; Narayan et
al., 2006), it is likely that CARMAL1 mediates a novel signaling axis that cooperates with
AKT in the activation of mTORC1. This is also consistent with the finding that deficiency in
CBM components attenuates, but does not completely block, TCR/CD28-stimulated
mTORC1 activation (Nakaya et al., 2014). Activation of mMTORC1 involves both TSC2
inactivation and recruitment of mMTORCL1 to the lysosome, where the lysosomal GTPase
Rheb activates mTORC1 (Chi, 2012). The lysosomal recruitment of mMTORC1 can be
induced by two major amino acids, leucine and glutamine, which function via Rag GTPase-
dependent and -independent mechanisms, respectively (Jewell et al., 2015). A recent work
demonstrates that crosslinking the TCR and CD28 in naive CD4* T cells triggers a rapid
increase in glutamine uptake, which is dependent on a glutamine transporter, ASCT2
(Nakaya et al., 2014). ASCT2 deficiency impairs TCR/CD28-stimulated increase in
glutamine uptake and activation of mMTORC1, although ASCT2 is dispensable for the
activation of AKT. Interestingly, the TCR/CD28-stimulated increase in glutamine uptake
also requires the CBM components, suggesting the possible involvement of CBM complex
in coupling the TCR/CD28 signals to the induction of glutamine uptake (Fig. 1). Although
this possibility needs to be examined by additional studies, these studies shed new light on
the mechanism by which mTORCL1 is activated in T cells and suggests a mechanism that
couples the TCR/CD28 signals with environmental cues.
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5. Regulation of AKT-mTORCI1 signaling axis by the IKK-related kinase

TBK1

TBK1 and IKKe (also called IKKi) are serine/threonine kinases that are structurally related
to IKKa and IKKP (Peters et al., 2000; Shimada et al., 1999). A well-defined function of
TBK1 and IKKe is to mediate type | interferon (IFN) induction by various pattern-
recognition receptors (PRRS) in innate immune responses to viral and bacterial infections
(Fitzgerald et al., 2003; Hemmi et al., 2004; Hiscott, 2007; McWhirter et al., 2004; Perry et
al., 2004; Sharma et al., 2003). However, emerging evidence suggests that TBK1 and IKKe
also regulate various other biological or pathological processes, such as autophagy,
metabolic activities, oncogenesis, and antibody production (Chiang et al., 2009; Helgason et
al., 2013; Jin et al., 2012). It is also increasingly clear that IKKe and TBK1 have non-
redundant and even different functions in some biological processes. A role for the IKK-
related kinases in regulating T-cell function is suggested by recent findings that TCR/CD28
signals activate both TBK1 and IKKe in T cells (Sgarbanti et al., 2014; Yu et al., 2015). As
seen with the canonical IKK activation, the activation of TBK1 and IKKe requires
CARMAL (Yu etal., 2015). Interestingly, IKKe and TBK1 differ in that the former, but not
the latter, depends on typical IKK for activation by the T-cell activation signals. IKKe and
TBK1 also have different functions in T cells. TBK1, but not IKKze, plays an important role
in regulating T-cell activation and homeostasis. TBK1 deficiency promotes the production
of cytokines, particularly IFNy, by naive CD4* T cells upon TCR/CD28 ligation in vitro,
and T cell-conditional TBK1 knockout (TBK1TKO) mice have an increased frequency of
activated or memory-like T cells in peripheral lymphoid organs (Yu et al., 2015). These
phenotypes are not detected in mice deficient in IKKe. TBK1 regulates T-cell homeostasis
through modulation of the AKT-mTORC1 signaling axis. Under normal conditions, both
naive and memory-like CD4* T cells have a low basal level of AKT phosphorylation and
mTORC1 activation, and such homeostatic AKT-mTORCL activation is profoundly
enhanced in TBK1-deficient T cells (Yu et al., 2015). Injection of TBK1TKO mice with the
mTORCL inhibitor rapamycin partially, although not completely, corrects the CD4* T-cell
homeoastasis phenotype. The primary target of TBK1 appears to be AKT, since TBK1
promotes ubiquitin-dependent degradation of AKT in a manner that depends on a previously
defined TBK1 phosphorylation site within AKT, S378. Consistently, the steady level of
AKT is elevated in the TBK1-deficient T cells, coupled with enhanced phosphorylation of
both the mTORC1-dowstream targets, S6K1 and S6, and the AKT substrate Foxol (Yu et
al., 2015). These findings establish TBK1 as a key negative regulator of the AKT-mTORC1
signaling axis and explain why the TBK1 deficiency perturbs T-cell homeostasis (Fig. 1),
since tight control of the AKT-mTORC1 signaling axis is crucial for maintaining T-cell
homeostasis (Chi, 2012). TCR-stimulated mTORCL activation may also be negatively
regulated by adenonsine monophosphate (AMP)-activated protein kinase (AMPK). AMPK
is activated by the TCR signaling and thought to negatively regulate mTORC1 activation by
phosphorylating and stimulating the activity of the mTORC1 regulator TSC2 (Chi, 2012;
Mihaylova and Shaw, 2011; Tamas et al., 2006). However, genetic ablation of AMPKal,
the predominant AMPK isoform in T cells, only has a minor effect on T-cell homeostasis,
although ablation of an upstream regulator, liver kinase B1 (LKB1), led to more profound
effect on T-cell homeostasis and functions (Chi, 2012; Maclver et al., 2011; Mayer et al.,
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2008). It is possible that additional kinases targeted by LKBL1, as well as TBK1, control the
homeostasis of T cells.

T cell-specific TBK1 also has a role in regulating the pathogenesis of EAE, an animal model
of the neuroinflammatory disease multiple sclerosis (Yu et al., 2015). Despite the hyper-
activation of T cells, the TBK1TKO mice are refractory to EAE induction. The TBK1-
deficient T cells have a defect in migration from the draining lymph nodes to the CNS, a
crucial step in the induction of EAE. TBK1 appears to regulate the lymph node egress of T
cells (Yu et al., 2015). Following activation by an antigen, T cells temporarily down regulate
the expression of homing-related factors, including the transcription factor KLF2 and its
target gene product S1P receptor 1 (S1PR1), causing their retention in draining lymph nodes
(Masopust and Schenkel, 2013). Under normal conditions, the activated T cells gradually
regain their expression of KLF2 and S1PR1 and exit the lymphoid organs. The impaired
migration of the TBK1-deficient T cells likely results from the aberrant ATK/mTORC1
activation, since this signaling axis is known to negatively regulate the expression of KLF2
and S1PR1 (Finlay and Cantrell, 2010; Groves et al., 2013; Pelletier and Hafler, 2012).
Indeed, the TBK1-deficient T cells have reduced expression of KLF2 and S1PR1, which can
be restored by incubation with a PI3K inhibitor (Yu et al., 2015).

Although TBK1 and IKKe share the same functions in the regulation of IFN-I induction,
these kinases have very different functions in T cells. In contrast to TBK1, IKKe is
dispensable for the maintenance of T-cell homeostasis (Yu et al., 2015). IKKe deficiency
also does not cause homeostatic activation of AKT and mTORC1. However, IKKe plays an
important role in mediating the proliferation and inflammatory function of Th17 cells in
response to IL-1 stimulation (Gulen et al., 2012). Interestingly, IKKe is required for IL-1-
stimulated activation of AKT-mTORCL signaling axis, which involves phosphorylation of
glycogen synthase kinase 3a (GSK3a). Although GSK3a is generally thought to be a target
of AKT, in the IL-1-stimulated Th17 cells, GSK3a negatively regulates AKT activation. The
IKKe-mediated GSK3a phosphorylation inactivates its AKT-inhibitory function, resulting in
heightened AKT-mTOR activation (Gulen et al., 2012). It is currently unclear whether
TBK1 also has a role in regulating the IL-1-stimulated signaling and function of Th17 cells.
A more recent study has identified a function of IKKe in the TCR/CD28 signaling pathway
(Sgarbanti et al., 2014). Like TBK1, IKKe also responds to the TCR/CD28 signals
(Sgarbanti et al., 2014; Yu et al., 2015). In this pathway, an important target of IKKe is IFN
regulatory factor 1 (IRF1) (Sgarbanti et al., 2014). IKKe phosphorylates IRF1 at amino
acids 215, 219, and 221, a modification that impairs the transcriptional activity of IRF-1 via
interfering its binding to the NF-xB member RelA. Consequently, the TCR/CD28-
stimulated IKKe activation and IRF-1 phosphorylation suppresses IFNp induction by
poly(I:C) in T cells. This finding raises the question of whether IKKe has a T cell-intrinsic
function in regulating T-cell differentiation and responses to viral infection.

5. Concluding remarks

The important role of NF-xB and mTORC1 pathways in mediating antigen-stimulated T-cell
functions has been firmly established through extensive studies. However, the signal
transduction leading from the TCR ligation to the activation of NF-xB and mTORC1 is still
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an active area of research. The recent finding of CARMAL as a common upstream mediator
of TCR/CD28-stimulated NF-xB and mTORCL1 activation provides novel insight into the
mechanism of TCR signaling and also raises important questions. In particular, it is
currently unclear how the CARMAL complex is linked to the activation of mMTORC1. Since
CARMAL plays a role in TCR/CD28-stimulated increase in glutamine uptake, it will be
important to examine whether the TCR/CD28 signals stimulate mTORC1 lysosomal
translocation and whether this molecular event is dependent on CARMAL. Another
intriguing question is how the protease activity of MALT1 regulates mTORC1 activation.
Does MALT1 cleave a factor in involved in the regulation of mMTORC1 signaling?

Accumulating evidence suggests the involvement of noncanonical NF-xB pathway in T-cell
functions. Unlike the canonical NF-xB pathway, the noncanonical pathway appears to be
dispensable for initial activation of naive T cells, but rather modulates the effector/memory
functions of T cells. Better understanding of the T cell-intrinsic functions of noncanonical
NF-xB will require future studies using conditional knockout mice with T cell-specific
deficiencies in noncanonical NF-kB signaling. Furthermore, the molecular mechanisms
underlying the functions of noncanonical NF-xB in T cells are only partially understood.
How precisely this pathway is activated by the following TCR/CD28 ligation is another area
for further studies.

IKK-related kinases, TBK1 and IKKe, are emerging as important regulators of T-cell
homeostasis and functions. These kinases are generally viewed as mediators of antiviral
innate immunity. However, it is now clear that they also respond to the TCR/CD28 signals
and serve as new targets of the CARMAL1 signaling complex. Interestingly, the activation of
IKKe is dependent on typical IKK, whereas the activation of TBK1 is largely independent of
IKK. Precisely how TBK1 is activated by the CARMAZ1-dependent signal requires
additional studies. The precise role of TBK1 and IKKe in regulating different aspects of T-
cell functions also warrants further investigations.
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highlights
T-cell activation and function requires canonical and noncanonical NF-xB pathways
CBM complex mediates TCR activation of both NF-kB and mTORC1 pathways
ASCT2 couples TCR signal to glutamine uptake and mTORC1 activation
IKK-related kinase TBK1 negatively regulates AKT-mTORCL1 signaling axis
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CARMAL in TCR/CD28-stimulated activation of NF-xB and AKT-mTORC1 pathways.
Ligation of TCR and CD28 causes activation of protein kinase C theta (PKCO) and the
PI3K/AKT. PKCO phosphorylates CARMAL and triggers the assembly of the CBM
complex, leading to activation of IKK and JNK and their downstream transcription factors,
NF-xB and AP1, important for T-cell activation and survival as well as their subsequent
differentiation. A new function of the CBM complex is to mediate TCR/CD28-stimulated
activation of mMTORCL, despite the dispensable role of CARMAL in AKT activation. The
CARMAL complex is also important for TCR/CD28-stimulated increase in glutamine
uptake, a molecular event that is also dependent on the amino acid transporter ASCT2. It is
unclear whether the CBM complex modifies the activity of ASCT2.
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NF-xB and its regulators in the control of T-cell functions
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NF-xB & Function in T cells References
regulators
RelA Th1, Th17, Treg differentiation (Oh and Ghosh, 2013; Ruan and Chen, 2012)
RelB Th1 differentiation (Corn et al., 2005)
c-Rel Th1, Thl7, Treg differentiation (Oh and Ghosh, 2013; Ruan and Chen, 2012)
p50 Th2 differentiation (Das et al., 2001)
p52 Th9 differentiation (Xiao et al., 2012)
Bcl-3 Th1 plasticity and effector function (Tang et al., 2014)
NIK T-cell memory, Th17 effector function, Treg cell survival (Murray, 2013; Rowe et al., 2013; Yu et al., 2014)
Ubc13 Peripheral T-cell maintenance, Treg function and stability (Chang et al., 2012; Yamamoto et al., 2006)
IKKB Treg function and stability (Chang et al., 2012)
Takl Survival of conventional T and Treg cells (Chang et al., 2015; Wan et al., 2006)
CYLD Controls NF-xB basal activity, maintains T-cell homeostasis (Reiley et al., 2007)
A20 Inhibits TCR-stimulated NF-«B activation, suppresses CD8 T-cell (Giordano et al., 2014)
activation
Pelil Promotes c-Rel degradation, inhibits T-cell activation (Chang et al., 2011)
IkBaAN Inhibits NF-xB basal activity, impairs naive T-cell survival (Miller et al., 2014)
pl00 Lym1 Inhibits Th17 effector function, inhibits EAE induction (Yuetal., 2014)

1kBaAN, a degradation-resistant IxBa mutant lacking its N-terminal region required for phosphorylation and degradation; p100 Lym1, a
processing-deficient p100 mutant lacking its C-terminal phosphorylation site.
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